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current study is to acquire, through experimental and numerical 
modeling, an improved understanding of the nature of flow and heat 
transfer in the blade tip region. 

BACKGROUND 

Figures 1 and 2 depict qualitatively the gas path flowfields in 
the vicinity of the blade tip and clearance gap on the pressure and 
suction sides of the blade, respectively [2]. Clearance gaps in modern 
axial turbines are typically less than one percent of the blade height. 

Near the pressure side of the gap, the flow is sink-like and main- 
stream gas is turned into the small gap. Strong secondary flows can be 
expected to be present in the gas path as a whole, and this can have 
the effect of bringing the hottest portion of the mainstream pressure 
side flow to the vicinity of the clearance gap, especially at the 
downstream portions of the blade. As the flow emerges from the suction 
side of the gap, it rolls into a vortex [3] as it meets the oncoming 
wall flow (Figure 2). 

As mentioned in the preceding section, very little information 
exists regarding the flow and heat transfer within the clearance gaps 
themselves. Several studies, eg. [4], have addressed the leakage 
problem in terms of flow alone, in the absence of heat transfer, stimu- 
lated largely by its importance in axial compressor performance. A 
more recent study [5,6], used open channel flows in a water table (with 
flow leaking under fences or airfoil shapes) to simulate clearance gap 
leakage in turbine stages; but the heat transfer aspects of the problem 
were not addressed. 

Limited heat transfer information has recently been obtained with 
short duration testing [7,8] which indicates that heat transfer rates 
as high as those present at the airfoil leading edge exist in the 
clearance gap. These measurements are limited in scope and as yet 
provide little in the way of understanding of the basic heat transfer 
mechanisms involved snd of the variations in heat transfer associated 
with changes of parameters. In [7], however, results were obtained at 
several values of the ratio of tip surface temperature to gas 
temperature, and indicate that this ratio is not a dominant parameter 
for blade tip heat transfer. This is a common observation in turbulent 
forced convection which supports the choice of near unity ratios in the 
present study. 

Another recent finding is that the sink-like character of the flow 
entering the clearance gap results in a thin entering boundary layer 
[9]. Thus pressure side boundary layer fluid is only a small 
percentage of the total leakage flow; and, in effect, the blade tip is 
exposed to the full mainstream gas temperature, as indicated 
schematically in Fig. 3. Also the leakage flow, viewed in a coordinate 
system fixed to the blade, appears identical to a conventional duct 
entrance flow, but with one moving wall. The present experimental 
approach takes this point of view. 

Another recent finding exploited in the present approach is that 
the results of both [5] and [9] indicate that leakage through the gap 
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to 5 on the adjacent cavity floor, and then tend to rise from 
rear on the floor. These cavity floor values are found to be 
good agreement with previous unconfined cavity results [12] 
shallow cavities; but as the relative cavity depth is 
the confined cavity exhibits higher floor heat transfer rates 
the corresponding unconfined cavity. 


Heat transfer on the top of the downstream rib is back up to its 
level on the top of the upstream rib. In this case, however, the 
highest value of Nu is on the upstream end, rather than on the down- 
stream end as is the case for the top of the upstream rib. This 
behavior supports the notion that the source of the downstream gap flow 
is largely fluid moving downstream adjacent to the shroud, partially 
impinging on and flowing down the downstream rib toward the cavity 
floor. Thus there would be little or no separation at the downstream 
gap entrance as is the case in the upstream gap. 


In summary, the preliminary study without relative shroud motion 
does indicate that the presence of a transverse cavity lowers heat 
transfer rates in a narrow gap entrance flow; but the effects of the 
adjacent moving shroud have not yet been determined. These effects 
will be investigated with the apparatus (now nearing completion) and 
planned computations described in the next section. 

RESEARCH PLAN 

In order to achieve the desired resolution of local transfer 
coefficients and to avoid experimental uncertainties inherent in the 
direct measurement of local heat transfer, the experiment for the 
moving-shroud situation utilizes the analogy between heat and mass 
transfer [15], and local mass transfer coefficients are inferred from 
sublimation rates on naphthalene surfaces [16]. The thermal counterpart 
of a naphthalene mass transfer surface is the convective heat transfer 
from a wall with uniform wall temperature. One of the most important 
advantages of using such a mass transfer system is the capability of 
obtaining this well-defined boundary condition which is practically 
difficult to establish via direct thermal methods. 


Figs. 7 and 8 display schematic views of the recently completed 
test section. The shaded area in these figures, representing a cavity- 
like grooved tip, is the mass transfer-active surface cast with a thin 
layer of naphthalene, approximately 1.5 mm in thickness. The 
naphthalene sublimes as it is exposed to air flow. To ease fabrication 
and measurement, the test cavity is comprised of three separate 
aluminum flat plates, each representing the upstream wall, the cavity 
floor and the downstream wall, respectively. Naphthalene is cast on 
designated areas of these plates before the cavity is assembled. The 
cavity aspect ratio can be varied by either adjusting the mounting 
screws or changing the complete set of aluminum plates. 

The moving-shroud is modeled by a flat, seamless, Neoprene belt 
(Belting Industry, #BIC 500) driven by a speed-adjustable, 3/4 HP, D.C. 
motor (Dayton Inc.). In conjunction with the motor speed controller, 
additional pulleys and speed-conversion sheaves are installed to 
provide various belt speeds as desired. The cavity can be rotated in 
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facing downward . Between the test assembly and the moving belt there 
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rotates 200 steps per revolution and, combined with the pitch of lead 
screw, is capable of transforming each step into a linear increment of 
one thousands of an inch in each axis. 

To ensure that the system has proper operation throughout the 
measurement process and to optimize the rate of data acquisition, a 
microcomputer (Zenith 150, IBM-PC compatible) along with a program 
written in BASIC language (Microsoft, GWBASIC) and IEEE-488 (National 
Instrument, GPIB) interfacing commands serves as a controller to the 
movements of stepper-motors as well as the flow of data. The bounds of 
measurement domain and distance of each step increment can be specified 
in the computer program. The computer then controls the number of steps 
of a stepper-motor to change location on the test surface by these 
specified increments during measurements. Through the IEEE-488 
interface, as previously mentioned, the computer also provides space 
for data storage and executes data reduction procedure. 

Successful execution of a local measurement in subliming mass 
transfer is critically dependent on precise positioning and accurate 
thickness change readings. Moreover, the successful measurement in 
which many important parameters are present and must be studied in 
detail requires rapid data acquisition. The computer-controlled, 
automated measurement system developed for the present study fulfills 
all of these requirements. Area-averaged results can also be obtained 
from the local data via numerical integration if desired. At present, 
the hardware has been successfully installed and tested, and the 
software development is nearly complete. 

Although the present study primarily emphasizes an experimental 
approach, a numerical computation simulating the experimental study is 
also planned. A finite-difference program, frameworked by the SIMPLER 
algorithm [19], is employed for solving the prime variables, the 
velocity components and pressure of the Navier-Stokes equations. For 
turbulence modeling, a two-eqpat i on , k-e model with modifications for 
low-Reynolds-numbers will be used [20]. The entire computer program has 
been successfully developed, and is available in an IBM-3081 mainframe 
computer at Arizona State University. Simulations will be carried out 
with actual geometric and flow parameters from the experiments as 
inputs to the program. 

SUMMARY 

The present study of heat transfer in the tip region of a rotor 
blade simulator is now in its initial stages. The objective is to 
acquire, through both experimental and computational approaches, 
improved understanding of the nature of the flow and convection heat 
transfer in the blade tip region. Such information should enable 
designers to make more accurate predictions of performance and 
durability, and should support the future development of improved blade 
tip cooling schemes. 
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(•) GROOVE TIP ^9- 6 Local Nu Distribution for Confined Cavities 
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fig. 9 Local Mass Transfer Surface Measurement System 








